Abstract CO 2 leakages during carbon capture and storage in sub-seabed geological structures could produce potential impacts on the marine environment. To study lethal effects on marine organisms attributable to CO 2 seawater acidification, a bubbling CO 2 system was designed enabling a battery of different tests to be conducted, under laboratory conditions, employing various pH treatments (8.0, 7.5, 7.0, 6.5, 6.0, and 5.5). Assays were performed of three exposure routes (seawater, whole sediment, and sediment elutriate). Individuals of the clam (Ruditapes philippinarum) and earlylife stages of the gilthead seabream, Sparus aurata, were exposed for 10 days and 72 h, respectively, to acidified clean seawater. S. aurata larvae were also exposed to acidified elutriate samples, and polychaete organisms of the specie Hediste diversicolor and clams R. philippinarum were also exposed for 10 days to estuarine whole sediment. In the fish larvae elutriate test, 100 % mortality was recorded at pH 6.0, after 48 h of exposure. Similar results were obtained in the clam sediment exposure test. In the other organisms, significant mortality (p<0.05) was observed at pH values lower than 6.0. Very high lethal effects (calculating L[H + ]50, defined as the H + concentration that causes lethal effects in 50 % of the population exposed) were detected in association with the lowest pH treatment for all the species. The implication of these results is that a severe decrease of seawater pH would cause high mortality in marine organisms of several different kinds and life stages. The study addresses the potential risks incurred due to CO 2 leakages in marine environments.
Introduction
The long-term sequestration of carbon in sub-seabed geological structure is one of the CO 2 mitigation strategies considered in numerous conventions and directives such as the London Protocol (1996 , 1997 ), London Convention (2006 , OSPAR Convention 2007, and the EC Directive, European Parliament on 17 December 2008. Amendments of the London Protocol were adopted in 2006 with the object of regulating this activity by including the "Risk Assessment and Management Framework for CO 2 Sequestration in Subseabed Geological Structures" and the "Specific Guidelines for Assessment of Carbon Dioxide Streams for Disposal into Sub-seabed Geological Formations."
At present, several countries are interested in the development of carbon capture and storage (CCS) technologies. Furthermore, the EU is promoting and contributing to progress in CCS technologies by financially supporting new projects. Thus, since numerous projects on CO 2 storage in sub-seabed geological structures are currently in hand, studies are urgently needed to obtain reliable research-based information for correct risk assessment and to plan monitoring networks (Keating et al. 2011) .
Despite the potential contribution of CCS to the reduction of the atmospheric concentration of CO 2 , one of the risks associated with this technology lies in possible CO 2 migration or leakages from the storage site. Different scenarios of CO 2 leaks are possible, such as gas migration through compromised boreholes or gas-permeable natural faults (Annunziatellis et al. 2008) , and gas seepage could occur during the injection process.
One of the main impacts expected in CO 2 leakage scenarios is the acidification of the environment. A decrease of pH associated with the increase of CO 2 could produce chemical changes in the sediment-seawater interface, leading to biogeochemical alteration in marine ecosystems. In addition, acidic conditions due to decreased pH will enhance the mobility of trace metals or other contaminants that could be present in marine sediment, making these substances more available in the overlaying water column (Ardelan et al. 2009; Riba et al. 2010) .
The bivalve mollusks are organisms widely used in laboratory experiments, and they tolerate a wide range of salinity and temperature values (Casado-Martínez et al. 2006; Riba et al. 2004b) . Marine calcifying organisms are among the species most susceptible to impact by CO 2 acidification, since their calcification rate could be altered. These organisms play essential functional roles in coastal ecosystems and also constitute commercially important marine products (Ishimatsu et al. 2004) . Consequently, studies of these kinds of organism and of organisms with calcareous skeletons or shells must be considered when assessing the possible effects of CO 2 acidification.
Fish larvae have been used previously to test the toxicity of several chemicals or pollutants present in marine environments (DelValls et al. 1998a, b; Hampel and Blasco 2002; Oliva et al. 2008) . According to McKim (1977) and Ishimatsu et al. (2004) , the early developmental stages of marine organisms are generally more susceptible to environmental stressors than adults. Thus, negative impacts of elevated CO 2 environments appear to be particularly strong during early developmental stages. Even if adult organisms may be adaptable to higher CO 2 levels, evaluations of the effects of CO 2 acidification events need to consider not only susceptible marine species but also the life stages of those species when they are especially vulnerable.
Polychaetes have been utilized frequently as indicator species of environmental conditions. The exposure of this kind of organism has been shown to be a useful tool for assessing environmental quality through toxicology tests. Because of their relative immobility and intimate contact with the sediment, they are exposed to any harmful material present not only in the sediments but also in the pore water and water column (Dean 2008; Kalman 2009; Ramos-Gómez 2011) .
The purpose of this study is to test the impact on marine organisms of CO 2 -induced acidification, due to leakages from marine storage in geological formations, by studying lethal effects on several marine species. This work addresses several ecologically relevant CCS scenarios, by comparing the present-day pH of a coastal-estuarine area (pH 8.0), the predicted decrease of ocean surface pH by 0.3-0.5 U (to pH 7.5) by 2100 (Caldeira and Wickett 2005) , and the predicted pH reduction in particular marine environments due to leakages from CO 2 storage sites (Payan et al. 2012) , i.e., possible pH variation of more than 0.5 U (to pH 7.0, 6.5, 6.0, and 5.5). A bubbling CO 2 system has been designed to conduct a battery of short-term toxicity tests under laboratory conditions (non-pressurized) employing diverse pH treatments. The effects of elevated CO 2 levels in three marine organisms (clams of the specie Ruditapes philippinarum, fish larvae of the specie Sparus aurata, and the ragworm Hediste diversicolor) have been studied using standardized toxicity test guidelines, since toxicity tests are an important means of assessing the toxicity of marine environments.
Materials and methods

CO 2 system
A non-pressurized laboratory-scale CO 2 injection system has been designed to expose marine organisms to different pH treatments (Fig. 1) . The "AT Control System" from Aqua Medic of North America (Loveland, CO, USA) is a computer-controlled system for measuring and controlling pH levels electronically in aquaria. It was used in this study to modify, control, and maintain different pH levels, independently, in several test chambers. The pH in each aquarium was measured by pH electrodes (NBS scale), connected to the computer system. The pH was monitored continuously, and pH values were adjusted by injecting pure CO 2 gas through a solenoid valve. The valve delivers the gas in each aquarium when pH rises above the set value, in 0.01 U, until the required pH value is reached. The CO 2 injection system was adapted to work with three routes of exposure: clean seawater, whole sediment, and sediment elutriates. Two different sizes of test chamber were used depending on the organism exposed: One is a fish box with dimensions 35× 27×29cm (capacity 25 L, approximately), and the other is a 2-L glass beaker. The whole sediment toxicity test was conducted applying a water-to-sediment ratio of 1:3 (v/v), adapted from Riba et al. (2004b) . Sediment elutriate was obtained by mixing sediment and filtered seawater (ratio 1:4 v/v). The mix was maintained under agitation (60 rpm) for 30 min, followed by a settling down process for at least 12 h (DelValls et al. 1998a, b; Beiras 2002) . Then the supernatant fraction was carefully extracted and placed in a new glass vessel. The pH of each elutriate was adjusted before and after mixing, by injection of CO 2 . The pH in each aquarium was verified daily using a portable pH meter (model: Phenomenal 1000 H; accuracy±0.005 pH), calibrated using pH buffer solutions of 4.00 and 7.00. The oxygen saturation was recorded using an Oxy 4000 H meter (accuracy±0.5 % of measured value). Salinity was measured by a Conductivity 3000 H meter (accuracy±1 % of measured value). Total alkalinity (TA) was determined by automatic titration (Metrohm 794) using a combined glass electrode (Metrohm, ref. 6.0210 .100) calibrated on a total scale. The pH and TA values were measured in a separate laboratory system and used to determine the seawater carbonate system speciation.
Water and sediment samples
Water and sediment used were collected from the Río San Pedro shallow tidal creek area, located at the Bay of Cádiz (SW Spain) (36°31′52.90″N; 6°12′48.43″W) (Fig. 2) . The water used in all experiments was collected from the surface (1 m depth), during high tide (salinity 31±1), transported to the laboratory (Marine and Environmental Science Faculty, University of Cádiz), and placed in a 400-L tank and filtered using a high-power external filter with 1 mm pore size. The sediment sampling procedure was according to Riba et al. (2004a) . Sub-samples were collected for chemical quantification of organic carbon, organic matter content, and metals. Sediments were sieved through a 2-mm mesh and stored in a cooler (4°C) for 2 weeks in darkness until the toxicity tests were carried out. Before use, sediment was homogenized with a Teflon spoon until no color or textural differences were detected. All beakers were thoroughly cleaned with acid (10% HNO 3 ) and rinsed in double de-ionized (Milli-Q) water prior to sampling and storage. Organic matter content in the sediment was obtained through calcinations (LOI) in a muffle furnace at 450°C. Organic carbon content was determined using the technique described by Gaudette et al. (1974) , modified by El-Rayis (1985) . Metal concentration in sediment was determined using the method of aqua regia extraction (ISO11466 1995) . Trace metal concentrations (Al, As, Co, Cr, Cu, Fe, Ni, Pb, and Zn) were determined by inductively coupled plasma optical emission spectrometry (ICP-OES). For mercury, a LECO AMA 254 analyzer was used. The results were checked using MESS-1 NRC reference material.
Toxicity test
Toxicity tests were carried out to determine acute effects associated with pH changes by increases in CO 2 concentration. Three different marine species were used in this study. Temperature (degree Celsius), oxygen saturation (percent), salinity, and pH (NBS scale) were measured daily inside the exposure vessels (see Table 1 ). The pH values of the treatments ranged between 8.0 and 5.5 in the toxicity tests employing exposure to liquid phase (clear seawater and sediment elutriates). However, in the toxicity tests in which whole sediment was used, the pH values did not fall below the value of 6.0. In the experiments, the pH value was decreased slowly, by 0.5 U/day, until the selected pH value was reached, in order to avoid a sudden change of pH in the experiment chambers. Survival (percent) for the time of exposure was measured as the endpoint. Aliquot samples (c) Fig. 1 Schematic design of the CO 2 injection system used to develop the toxicity tests carried out in this study. This system intends to adjust, maintain, and control the pH in the aquarium automatically by CO 2 bubbles injection were taken at the different pH treatments vessels to measure TA.
Fish larvae
The experimental design of the fish larvae toxicity test was adapted from DelValls et al. (1998a, b) , OECD (1992 OECD ( , 1998 , and USEPA (2002) to obtain normalized results for fish early-life stage toxicity test. Although the CO 2 injection system was designed to work with very large aquaria, it was adapted to work with small organisms such as fish larvae. In that case, for both seawater and elutriates test, the pH treatments were prepared in 2-L glass vessels. One-day-old fish larvae of gilthead seabream (S. aurata) were acquired from the Marine Culture Laboratory (University of Cádiz). The larvae were maintained for 2 days in filtered seawater with light aeration and temperature 19°C±1 for acclimatization. Three samples of aliquot were taken from each pH treatment and placed in 25-mL polypropylene vessels. After the acclimatization time, fish larvae (n010) were placed in each sample solution for 72 h. The pH values in the treatments were 8.0 (±0.1), 7.5 (±0.1), 7.0 (±0.1), 6.5 (±0.1), 6.0 (±0.1), and 5.5 (±0.1). In order to maintain the pH in the 25-mL vessels, the solution was replaced three times each day. The number of surviving organisms was counted after the exposure time.
Bivalves Clams (R. philippinarum) were obtained from an aquaculture farm (Haliotis S. L., Cádiz, Spain) and preserved in the laboratory to acclimatize for 1 week. Clams were fed with a mixture of marine microalgae (Tetraselmis chuii, Isocrhysis galbana, and Chaetoceros gracilis). Salinity (31±1), temperature (20°C±1), and dissolved oxygen saturation (>80 %) were monitored daily both during the acclimatization period and during the exposure time. Each pH treatment was carried out in duplicate. In clean seawater experiments, organisms (n015) were exposed for 10 days in aquaria of 25-L capacity.
The pH values of the treatments were from 8.0 (±0.1) to 5.5 (±0.1). In another experiment, clams (n018) were exposed to various pH treatments of whole sediment-seawater interface (ratio 1:3v/v; 6.25 L of sediment, and 18.75 L of water, approximately), with a pH range between 8.0 (±0.1) and 6.0 (±0.1). Water was replaced every 3 days in both experiments. Mortality was checked at the beginning and at the end of the exposure time (Riba et al. 2004b (Riba et al. , 2010 ).
Polychaetes
Polychaete organisms (H. diversicolor) were collected from the intertidal zone of the Río San Pedro intertidal creek area, taken to the laboratory, and preserved there for 1 week for acclimatization, until the beginning of the experiment. Salinity (31±1), temperature (20°C±1), and dissolved oxygen saturation (>80 %) were monitored daily both during the acclimatization period and during the exposure time. ), the partial pressure of CO 2 (pCO 2 ), and saturation states for aragonite and calcite were calculated using the CO2SYS program (Pierrot et al. 2006 ) with dissociation constant from Mehrbach et al. (1973) with refit by Dickson and Millero (1987) and KSO 4 using Dickson (1990) .
Mortality was calculated based on survival percentage measured after exposure for 10 days (clams and ragworms) and for 72 h (fish larvae). The data were used to calculate the toxic parameter LC50 associated with H + concentration. The L[H + ]50 was defined as the H + concentration that causes lethal effects in 50 % of the population exposed. This parameter was estimated through calculated mortality associated with the different pH treatments, using the pH that provokes mortality in 50 % of the population exposed. It was calculated by the linear interpolation method for lethal toxicity. Variation in mortality rates of each organism between pH treatments was examined, using analysis of variance, followed by Dunnett's test, by use of SPSS 17.0 statistical software, to determine significant differences (p< 0.05) between the results obtained in each pH treatment and the control pH treatment.
Results
The results of metal concentration measured in the sediment used in the experiments (Al, As, Cd, Co, Cr, Cu, Fe, Ni, Pb, Zn, and Hg) are given in Table 2 . The highest metal concentration was found for aluminum, followed by zinc, copper, chrome, nickel, iron, lead, arsenic, cobalt, and mercury, in that order; cadmium concentration was below the ICP-OES detection limit. Organic carbon content is 1.06±0.13 and organic matter content 6.83±0.07. Mean values for carbonate system speciation are represented in Table 3. Table 3 refers to the carbon parameters calculated in the clear seawater treatments at different pH values. The salinity parameter used was 31 and temperature was 20°C. The pH range is between 7.88 and 5.92 (total scale). The pCO 2 value calculated was 436.01 μatm at the highest pH and 67,763.03 μatm at lowest pH value. It also refers to the carbon parameters calculated in sediment elutriate treatments at different pH. The salinity parameter used was 31. The pH is between 7.77 and 6.54 (total scale), and in comparison with the seawater results, an extremely high pCO 2 value of 119,459.10 can be observed at the lowest pH value.
Figure 3 represents mortality associated with pH value for the fish larvae exposed to acidified seawater and sediment elutriate. The pH value of 8.0 indicates the control sample in both exposure routes. Significant mortality (p<0.05) compared to control pH was recorded in the fish larvae seawater toxicity test at pH values of 6.0 and 5.5, representing mortality rates of 60 and 100 %, respectively. Significant mortality (p< Fig. 4 .
A mortality rate of 100 % was calculated in both pH treatments after 10 days of exposure to acidified seawater. Significant mortality (p<0.05) was observed at pH values of 6.0 and 5.5. The whole sediment exposure test resulted in significant mortality (p<0.05) at pH of 6.0, since mortality of 100 % was calculated at the end of the exposure time. Non- significant mortality (p<0.05) was observed in the other pH treatments. A general trend of the highest mortality at the lowest pH values was observed in clams and fish larvae toxicity tests. Non-significant mortality (p<0.05) was detected in ragworm H. diversicolor exposed to whole sediment at different pH values (Fig. 5) ]50 value could not be calculated for polychaete organisms because no mortality higher than 16 % was detected in any of the pH treatments.
Discussion
To mimic environmental conditions in laboratory experiments is a good way to assess the possible effects of CO 2 leakages on marine ecosystems. Bubbling CO 2 into experimental vessels has been contemplated as one of the techniques useful in the context of studying the consequences of ocean acidification, according to the "Guide to best practices for ocean acidification research and data reporting" (Riebesell et al. 2010 ). This methodology is considered an efficient way to manipulate pH values (and carbonate chemistry) in laboratory experiments and appropriate for the studies required for working on this topic.
It has been demonstrated that sudden changes in pH could have drastic adverse effects on marine species, but it is also important to consider the acclimatization of the organisms to changes in the acidity of their media. Thus, the speed at which the experimental pH treatments are imposed could have a significant impact on the results obtained from tests. In this work, the pH values were lowered slowly, in each experimental vessel (by 0.5 U/day, until the pH values selected were reached), in order to avoid rapid changes of pH that would probably cause the direct death of many of the organisms. Although recent studies have shown that marine animals might will adapted to changes in pH levels and to climate changes in general (Sunday et al. 2011; Hofmann and Todgham 2010; Melzner et al. 2009; Pistevos et al. 2011) , sudden changes such as those likely to be provoked due to CO 2 leakages from sub-seabed storages sites would not give time for the acclimatization of certain species. According to Haedrich (1996) , "any change that takes place too quickly to allow for a compensating adaptive change within the genetic potential of finely-adapted deep-water organisms is likely to be harmful" (Seibel and Walsh 2001) .
In addition, many other experimental factors, such as temperature and salinity, oxygen depletion, and ammonia level, must be controlled in toxicity test assays, especially if several parameters, such as pH, are being modified and when sediments are used. However, the results of this work are not linked to the alteration of these kinds of factor. Parameters such as temperature, salinity, and oxygen saturation have been controlled to comply with the optimal levels for the organisms in toxicity test standard guidelines. Considering that sediment has been used in some of the experiments conducted in this work, the NH 3 /NH 4 + level should also be controlled. Nevertheless, of the two forms in which ammonia is present in aquatic ecosystems, the only toxic form is the non-ionized form, NH 3 . Thus, since it is known that ammonia is less toxic at lower pH levels (below 7.0, all ammonia is in the form of ammonium), it is not expected that the mortality of organisms measured in more acid pH treatments was a consequence of NH 3 /NH 4 + levels. Furthermore, NH 3 /NH 4 + levels were below 1.3 mg/L in different toxicity tests, in which sediment from the Río San Pedro intertidal creek area was used.
Another important factor that should be taken into account in laboratory experiments is whether food has been provided during the period of exposure, not only the changes in CO 2 concentration and lower pH values. In a recent study in which the effects of food algae concentration and pCO 2 on Mytilus edulis were studied, Melzner et al. (2011) show that elevated seawater pCO 2 coupled with food limitation increase negative effects on this organism by enhanced shell dissolution and corrosion. Furthermore, Parker et (2011) show that organisms with no naturally abundant food source are probably better able to support the energy requirements imposed by increased CO 2 acidification. In the experiments carried out in this study, only the clams were feed ad libitum. No food was provided to fish larvae and polychaete organisms; it was assumed that test sediments would provide a food source during the exposure of organism to whole sediment (ASTM 2007). The fish larvae fed from their own yolk sac because they were still young enough to have that source (OECD 1992) . Coastal and estuarine areas are likely to be susceptible to impact by CO 2 leaks because, depending on the siting of storage places and the type of leakage occurring and on ocean currents and environmental conditions, the CO 2 released could reach the coast. It is known that metals are among the most common contaminants existing in estuarine sediments and aquatic systems (Luoma and Davis 1983; Riba et al. 2004b) . A decrease in pH reflects an increase in hydrogen ion concentrations. Consequently, the hydrogen ions will protonate the aquatic ligands and replace the trace metals, causing an increase in the free metals ion activity; this is considered the most bioavailable form of dissolved metals (Kalman 2009 ). However, the subsequent toxicity in aquatic organisms will depend not only on the concentration and form of the metal in the sediment but also on the physicochemical conditions such as texture, organic content, and pH (DelValls et al. 1998b ). Focusing on this work, the sediment used presents low values of concentrations in metals. All metal concentrations measured in the Río San Pedro sediment were below the metal concentration levels associated with toxic effects, considering various Sediment Quality Guidelines (SQGs) such as the Spanish Action Levels for Dredged Material management (CEDEX 1994) based on sediment geochemical considerations, SQGs in the Atlantic Coast of Spain (Riba et al. 2004a) , and the site-specific SQG for the Gulf of Cádiz (Choueri et al. 2009 ). According to Riba et al. (2003) , the mobility of metals from the sediment to the water column increases when the pH value decreases; consequently, metals would become more bioavailable, especially those metals more easily mobilized from sediments to water. Similarly, observations have been verified by Ardelan et al. (2009) , who determined that possible CO 2 seepages from submarine geological storage formations into marine ecosystems are expected to cause release of metals into the sediment-seawater interface, resulting in an enhanced metal flux to the water column. The key role of pH on the bioavailability of metals is highlighted in this work because it is well-known that metals are one of the main pollutants associated with sediments and coastal ecosystems, and the relationship between the acidification of the media and the availability of metals is important. However, correlating the mobility of metals with the different pH levels tested is not among the specific objectives of this study.
This ] value that provokes this mortality rate was higher in the acidified seawater toxicity test than in the sediment elutriates. That result means that, in a toxicity test under the same conditions, a pH value of 7.0 would cause this mortality rate if fish larvae are exposed to sediment seawater elutriate; however, it would be necessary for the pH value to fall to 6.0 to detect significant (p<0.05) mortality in organisms exposed to clean seawater. Although this organism appears to be more sensitive to exposure to a drop in pH in sediment elutriates than in acidified seawater, that result cannot be attributed to metal availability since, as previously explained, the metal concentrations present in the sediment used were below the values associated with toxic effects, according to several different SQGs. Similar results were found by Ishimatsu et al. (2004) for fish larvae exposed to seawater, where 100 % mortality was observed in larvae of the fish Pagrus major exposed to seawater at pH of 5.9 and 60 % mortality at pH of 6.2.
Comparing the results of our toxicity tests in which clam organisms were used, a similar L[H + ]50 value was detected for both routes of exposure (seawater and whole sediment); thus, it was found that lethal effects in this specie do depend on pH or [H + ] but do not depend on the particular exposure route. The sublethal effects of CO 2 -induced acidification in bivalve mollusks have been widely studied. These studies corroborate that exposure to a small reduction in the pH of the media results in adverse effects on morphology, physiology, growth, and behavior of the organisms (Ishimatsu and Dissanayake 2010) . In addition, Green et al. (2004) found that juveniles of the bivalve Mercenaria mercenaria were susceptible to dissolution-induced mortality when they were exposed to surface sediment under-saturated with respect to aragonite (Ω aragonite ≈0.3), which corresponds to pH values of around 7.0-7.2. Further, Green et al. (2004) demonstrated that small bivalves are more susceptible to dissolution mortality than higher size classes, concluding that any physical, biological, or anthropogenic mechanism that disrupts the sediment saturation state, such as a decline in pH value, may impact bivalve survival and benthic community structure present in that area. A further summary of mortality percent of bivalves as a function of pH can be found in Green et al. (2004) and Auerbach et al. (1997) .
In the ragworm whole sediment exposure toxicity test, on the other hand, non-significant (p<0.05) lethal effects were detected (no mortality rate higher than 16 % was observed after 10 days' exposure). That result confirms the high tolerance of this specie to environmental processes of acidification. Beside that inconclusive results, similar answers were found by Fleeger et al. (2006) , who reported that the nematode did not respond to CO 2 exposure by differential recruitment, mortality, or migration. Furthermore, for the polychaete Nereis virens, tolerance to pH values below 6.5 was demonstrated by Widdicombe and Needham (2007) .
When assessing the impact of increased CO 2 concentrations in aquatic ecosystems, it is important to select species that play a key role in the structure and functioning of the ecosystem. However, the response of organisms exposed to elevated pCO 2 values could vary within and between populations, as shown by Parker et al. (2011) . For example, deep-living animals would be highly susceptible to the CO 2 release and consequent changes in pH values likely to accompany deep-sea CO 2 sequestration. On the other hand, species well-adapted to elevated pCO 2 can be found, such as those living in waters near to hydrothermal vents or in stagnant tide pools, which show greater ability for buffering ion exchange and transport of CO 2 (Seibel and Walsh 2001) . Furthermore, it is during the critical embryonic and larval stages that estuarine and marine organisms are perhaps most susceptible to environmental change because they are still developing their physiological capacities (Pörtner 2008) . In addition, the various possible mechanisms of leakage should be taken into account, by differentiating between the various ways that CO 2 may be released, such as through continuous diffuse seepages, temporary point-source leaks, and continuous point-source leaks (Blackford et al. 2009 ). Finally, because different effects have been demonstrated in studies using CO 2 injection or some other process, such as acid additions, to produce the required acidification, new methods for studying CO 2 leakage into ecosystems should be focused on CO 2 -induced acidification in both laboratory and in situ experiments.
Conclusions
The potential increase of CO 2 concentration in marine ecosystems associated with leakages from CCS systems could increase the acidification of the surrounding environment causing mortality in the biota (S. aurata larvae, R. philippinarum) living there. In this study, the highest rates of mortality were observed at pH values lower than 6.5 in each pH test treatment, except in the case of the H. diversicolor toxicity test, in which inconclusive results (no significant mortality (p<0.05)) were observed. A range of pH values, between 8.0 and 6.0, that two different marine species (S. aurata and R. philippinarum) could support has been established. From this information, we can select the interval of pH values for future toxicity tests to study influences of CO 2 leakages in a contaminated ecosystem matrix and to determine sublethal effects on marine organisms.
In addition to the direct impact that a dramatic CO 2 leakage could provoke in the surrounding ecosystem, some other indirect effects such as increased bioavailability of certain contaminants already present in the areas affected by the increase of CO 2 concentration need to be considered. Thus, new methods linking toxicity studies with in-laboratory acidifying treatments by injecting CO 2 gaseous should help in the understanding of the risk associated with CO 2 leakages from sub-seabed geological formations.
It is an acknowledged reality that the ocean acidification predicted for the next century could cause damage in marine ecosystems. To date, numerous studies have been conducted to assess the effects of ocean acidification due to increased atmospheric CO 2 and the decline in pH predicted by the year 2100 has been estimated at ≈0.4 U (Caldeira and Wickett 2003; Blackford and Gilbert 2007; Havenhand and Schlegel 2009) . However, effects on ecosystems associated with a sharp and sudden decrease in pH because of possible CO 2 leakages from CCS systems are largely unknown and need to be investigated. For that reason, it remains necessary to address in more detail the influence of acidification associated with possible CO 2 leakage events on the behavior, bioavailability, toxicity, and risk of contaminants linked to the sediment-seawater matrix. Therefore, further studies to investigate the mobility and bioavailability of metals present in aquatic ecosystems at different acidification levels are recommended.
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